A detailed analysis of the cell size, monitored as protein content, has been performed in glucose-limited continuous cultures, so as to obtain the values of the average protein content for various subpopulations at different cell cycle stages, as a function of the growth rate. Glucose metabolism appears to affect cell size, since there is an increase of the average protein content of the population when cells produce ethanol above the critical dilution rate. If the production of ethanol is forced at low growth rates by the addition of formate, the average protein content increases. These results indicate a link between glucose metabolism and cell size in budding yeast, as observed for mammalian cells.
Introduction
In growing populations of Saccharomyces cerevisiae, the co-ordination between the continuous accumulation of proteins and RNA and the discontinuous events of the nuclear division cycle represents the most physiologically relevant cell cycle control. The co-ordination between cell growth and cell division makes it possible to maintain cell size homeostasis, thus preventing cells during exponential growth becoming too small or too large [1] . In budding yeast S. cerevisiae the cell mass at division is unequally partitioned between a larger, old parent cell (P) and a smaller, new daughter cell (D). S. cerevisiae cells have been shown to require the attainment of a critical cell size to initiate budding and DNA replication [2, 3] . While all daughters have the same critical cell size requirement, parent cells slightly increase the critical cell size with genealogical age [3] .
In an asynchronously growing S. cerevisiae population, individual cells di¡er in their position within the cell division cycle, their genealogical age (i.e. daughters, parents of ¢rst generation, parents of second generation, parents of third generation, etc.), their size (i.e. cells which have the same size do not necessarily share the same age or the same cell cycle position) and because of clonal variability (i.e. cells of the same age and of the same cell cycle position do not necessarily share the same size) [1,3^6] . All these variables yield the cell size distribution (i.e. the distribution of cell protein content, generally measured by £ow cytometry) of the growing population. Since protein content is a valuable measure of cell size, it has been shown that the protein distribution of a given population is a stable distinctive feature of each given balanced exponential growth condition [4^9], while it quickly changes following manipulations of the environment [5, 6, 9] thus indicating that the characteristic cell size homeostasis operating during a given balanced growth is perturbed.
Analyses done in batch cultures by modulating nutrient supply and measuring protein distributions and average protein contents indicate that, generally speaking, the average protein content is larger for fast-growing cells than for slow-growing cells. [3^6, 9, 10] . Also the degree of asymmetry of cell division in S. cerevisiae is modulated by the physiological growth conditions: slow-growing cells show a high level of asymmetry with large parent cells and very small daughter cells, while in fast-growing populations parent and daughter cells at division are very close in size. Since small daughter cells have to reach a critical protein content before entering S phase and starting budding, they have a longer cycle time than the corresponding parent cells, most notably in slow-growing populations.
In this report the relation between cell metabolism and cell protein content was investigated with some details in yeast populations growing in continuous glucose-limited cultures. Chemostat cultures provide a strict control over nutritional conditions and cell metabolism, in fact in glucose-limited yeast cultures, a fully oxidative metabolism is observed at low dilution rates, when a critical dilution rate (D crit ) is reached ethanol production takes place by means of respiro-fermentative metabolism [11] . We determined, for di¡erent balanced states of growth, several cell size parameters : P, P o , P s and P d (i.e. the average protein content of the cells, the average protein content of the newborn cells, the average protein content at the beginning of the S phase and at division, respectively). During oxidative growth, the average P value of the cells decreases slightly from very low to medium speci¢c growth rates, while it increases linearly to almost double during respiro-fermentative growth. The same pattern has been observed for P o , P s and P d for the whole population as well as for parent and daughter subpopulations. It was interesting to observe that when cell metabolism is forced towards production of ethanol by the addition of formate, signi¢cant increases of P and of P s are observed, even at very low growth rates. These data link the setting of cellular protein content (P s and P) to the glycolytic rate, as observed in mammalian cells treated with variable amounts of growth factors [12] , and not to the growth rate as previously suggested for batch culture growth [10] .
Materials and methods

Strains
Two prototrophic laboratory strains of S. cerevisiae were used in this study : GRF18c [13] and CEN.PK113-7D [14] .
Chemostat cultivation
Continuous cultures were grown in laboratory stirredtank bioreactors with a working volumes of 0.8 l (BBraun, Germany). A pO 2 higher than 40% was obtained with an air £ow of 0.8 l min 31 at a stirring speed of 800 rpm. pH was automatically maintained at 5.0 with addition of KOH 2 M. Mineral medium was prepared according to Verduyn et al. [15] . For all the described experiments, glucose concentration in the reservoir was 7.5 g l 31 . Steady state was achieved after at least six volume changes had passed through and no oscillations had occurred since the last change in growth conditions. In each steady-state chemostat culture, biomass dry weight was determined in samples directly taken from the cultures and from the e¥uent line, to con¢rm proper sampling. The dry weights of culture and e¥uent samples di¡ered by less than 2%. Gas analysis was performed with paramagnetic oxygen analysers and infrared carbon dioxide analysers (BM2001 gas analyser, Bioindustrie Mantovane, Italy). Calculations of speci¢c oxygen consumption and carbon dioxide production were performed essentially as described by Postma et al. [16] .
Analytical procedures
Culture dry weights were determined by ¢ltering culture samples over 0.22-Wm membrane ¢lters. The ¢lters were washed with demineralised water and dried to constant weight in a microwave oven. Use of a microwave oven enables fast (15 min) drying of biomass without decomposition. To minimise e¡ects of variations in laboratory air humidity, ¢lters were pre-dried and cooled in a desiccator before weighing. Parallel samples varied less than 2%.
Concentrations of ethanol were determined with kit #176290 from R-Biopharm, Italy.
Flow cytometric analysis
For the simultaneous determination of the distributions of cell protein and DNA contents, cells growing under steady-state conditions were collected by centrifugation (5 min, 5000 rpm) and ¢xed in ethanol 70% (v/v) for at least 24 h, 4 ‡C. The ¢xed cells were centrifuged, washed once with phosphate bu¡er (NaH 2 PO 4 3.3 mM, Na 2 HPO 4 6.7 mM, NaCl 127 mM, EDTA 0.2 mM), pH 7.4, and total RNA digested with RNase (2 mg ml 31 ) for at least 2 h at 37 ‡C. Total cell proteins were stained resuspending the cells in 0.5 M sodium bicarbonate containing 5 ng ml 31 of £uorescein isothiocianate (FITC). After 30 min, the cells were recovered by centrifugation, washed three times and resuspended in phosphate bu¡er. Total DNA was stained resuspending the cells in phosphate bu¡er with propidium iodide (PI), 30.75 Wg ml 31 , 4 ‡C, for at least 30 min.
FITC £uorescence and PI £uorescence signal intensities were acquired from a FACStar plus (Becton-Dickinson) equipped with an argon ion laser (excitation wavelength 488 nm, laser power 200 mW) [8] . The sample £ow rate during analysis did not exceed 500^600 cells per second. Typically 50 000 cells were analysed for each sample. The average protein content per cell was obtained following the determination of the average channel number of the FITC £uorescence signal distribution [6] .
2.5. Determination of P and P s (see also Fig. 2)
The average value for any cell protein content distribution represents the average protein content (P) of the yeast population under examination [6] . The high resolution of the acquisition of two parameters for each single yeast cell (cell protein and DNA contents) as well as the analysis of a large number of cells allow us to determine with accuracy the protein content of the cells leaving the G1 phase and entering the S phase, the so-called P s , as indicated in Fig. 2 . In order to standardise the selection of the cells, we gated 3000 cells (about 3% of the total number of cells acquired) for each analysis.
2.6. Determination of T B , T D , T P and P o , P s and P d for the whole population and for daughter and parent subpopulations
Given the population age density function and knowing the fraction of budded and unbudded cells of di¡erent genealogical age, it is possible to compute the average value of the cycle times of the daughter cells (T D , Eq. 1), the average cycle time of the parent cells (T P , Eq. 2) and the duration of the budded phase (T B , Eq. 3) for a given growth condition [4, 6, 17] . Due to the asymmetrical division, the parent and the daughter cycle times satisfy Eq. 4. P s and P d are correlated population parameters : their ratio h is given by Eq. 5 [18] . Furthermore, values of P p and P s can be calculated by Eqs. 7 and 8, given the average protein content of the population [3] .
where F B is the fraction of total budded cells, F DB is the fraction of budded daughter cells (i.e. frequency of budded daughters/frequency of daughters), F PB is the fraction of budded parent cells (i.e. frequency of budded parents/frequency of parents), T is the overall duplication time of the population, W is the speci¢c growth rate, P s is the average protein content of the cells at the beginning of the S phase, P d is the average protein content of the cells at division, P o is the average protein content of newborn cells, P p is the average protein content of parent cells, P is the average protein content of the whole population, and T 4 is the length of time between initiation of DNA synthesis and cell division [3] . The percentage of total budded cells, the fraction of budded daughter cells and the fraction of budded parent cells were determined by the direct microscopic counting of at least 500 cells stained with calco£uor as previously described [3] . Furthermore, since each yeast cell grows following an exponential kinetics [8] , an exponential equation makes it possible to calculate the average P d and P o for the yeast population by simply knowing the P s value and the speci¢c growth rate of the cells :
where T G1 ( = T3T B ) is the duration of the G1 phase of the cell cycle.
Following the same approach, the P o , P s and P d parameters of any yeast subpopulation (daughters or parents) can be derived by knowing the speci¢c growth rate of the cells, at least one of the parameters among P o , P s and P d and a time interval between them.
Results
The average P value as a function of the growth rate
Two di¡erent S. cerevisiae strains were grown in glucose-limited continuous culture. When the speci¢c ethanol production (qEtOH ; mm g 31 h 31 ) is monitored (Fig. 1A) , the yeast populations show no detectable production of ethanol below the critical dilution rate values (0.18 h 31 for the GRF18c strain and 0.28 h 31 for the CEN.PK113-7D strain). In both strains, when the glucose metabolism is fully respiratory, the biomass yield (g of biomass dry weight per g of consumed glucose) is fairly high (around 0.51 g g 31 ) and biomass and carbon dioxide are the only products. Above the critical dilution rate, ethanol production takes place and the biomass yield drops. These results describe a classical onset of the Crabtree e¡ect. The value of the critical dilution rate is straindependent [16] . The analysis of the oxygen consumption rate and of carbon dioxide production rate con¢rms the attainment of a maximal oxygen consumption rate at dilution rates close to the critical dilution value (data not shown).
When the average protein content per cell was estimated by £ow cytometry, the results shown in Fig. 1B were obtained. The average value of cell protein content for the cell population decreases slightly during respirative growth until the critical dilution rate (i.e. when the cells have a fully oxidative metabolism). Above the critical dilution (i.e. when respiro-fermentative metabolism is established), the average cell protein content increases sharply.
3.2.
The average values of P s , P o and P d at di¡erent growth rates
In order to acquire a better understanding of yeast cell physiology, it is interesting to know how close is the correlation between the onset of ethanol production and the increase of P s , probably the most relevant cell cycle parameter. The value of P s could be estimated from P p , as indicated in Eqs. 7 and 8, but a direct determination seemed preferable. Therefore we developed a technique to assay it directly by a two-dimensional £ow cytometric assay. The protocol, described in Section 2, allows us to determine simultaneously both the protein and the DNA contents of each individual cell in a yeast population (Fig.  2A) . The cells that have just left the G1 phase and/or are entering the S phase have been considered to be a cohort that has a DNA content just higher than the average presynthetic DNA content (gate R1 in Fig. 2A) . The DNA and protein content distributions of the cells selected by the gate R1 are reported in Fig. 2B ,C. The computed average value of the protein distribution yields the experimental value of P s . In all conditions assayed in this paper, the P s value follows strictly that of the average protein content of the whole population, decreasing slightly until the critical dilution rate and then increasing at the onset of respirofermentative metabolism. For instance, in Fig. 3 we report the P s value (open circles) for the GRF18c yeast populations growing as described in Fig. 1 . From the experimental P s value, it is quite easy to calculate, as indicated in Section 2, the average P o and P d values (closed circles and squares, respectively) for the whole population (Fig. 3) . The average P s calculated from P p (see Eq. 8) is in very good agreement with the experimental P s (data not shown). It is interesting to point out that the ratio P s /P o is not a constant, but decreases from 1.49 at low growth rates to about 1.24 at fast growth rates.
Determination of P s , P o and P d and duplication times for the daughter and parent subpopulations
Since from the beginning of the S phase all newly synthesised material is localised in the growing bud and then sent to the newborn daughter cell (P o daughter subpopu- lation), it follows that that the average P s value for the whole population would be equal to the average protein content of the newborn parent cells (P o parent subpopulation). Starting from the P o value of the parent cells determined in this way, the data shown in Fig. 4 were calculated as indicated in Section 2. It is interesting to underline the increase of P d of parent and daughter cells at the highest growth rates and the relatively constant behaviour of T B at the various growth rates, di¡erently from the patterns observed by modulating growth rate with nutrient supply in batch growth [3] where the behaviours of the average protein content P and T B values seem to have an almost linear correlation with speci¢c growth rate of the cells.
3.4. The rate of ethanol production correlates with the average protein content (P s and P)
The results presented in Figs. 1 and 3 suggest a correlation between rate of ethanol production and the increase of cellular protein content (P and P s ). In order to further test this correlation, the rate of production of ethanol was manipulated by adding formate to the culture medium. Formate is decarboxylated by a formate dehydrogenase activity, with the production of NADH, which in turn could enhance the rate of ethanol production. In GRF18 S. cerevisiae cells grown in a chemostat on glucose plus formate (constant molar ratio 1:1.3, glucose :formate), the ethanol production rate (mmol g 31 h 31 ) and the biomass yield (g of biomass dry weight per g of consumed glucose) were monitored. Of course, while glucose is both a carbon and an energy source, formate is only an energy source since its carbon is not assimilated [19, 20] . A clear decrease of ethanol production was observed for yeast cells growing on glucose plus formate (Fig. 5A) . We observed the same behaviour in a second yeast strain, CEN.PK113-7D (data not shown). The presence of formate in the fresh growth medium clearly lowers the critical dilution rate value for both strains (0.13 h 31 instead of 0.18 h 31 for the GRF18c strain and 0.24 h 31 instead of 0.28 h 31 for the CEN.PK113-7D strain). Consistently with the ethanol accumulation pattern, the biomass yield drops at lower dilution rates in cells growing in the presence of formate. In order to analyse the e¡ects of both the growth rate and the concentration of added formate, the experiments reported in Fig. 5B were performed. GRF18c cells were grown at two dilution rates (0.10 h 31 and 0.13 h 31 ), well below the critical dilution rate of 0.18 h 31 . Increasing amounts of formate were added as indicated, and the biomass yield and the speci¢c ethanol production rate were determined. It is quite clear that the availability of formate brings about an accumulation of ethanol and a drop of biomass yield, even at very low growth rates, in a fashion that is clearly more pronounced as the formate concentration increases. We analysed the behaviours of P and P s for all the yeast populations described in Fig. 5A,B . In all cases, an increasing value for both P and P s was observed when the yeast population shifted from respiratory to respirofermentative metabolism. For example, in Fig. 6A is reported the behaviour of P for yeast cells grown at di¡erent dilution rates with or without formate, while in Fig. 6B are reported P and P s values for cells growing at D = 0.1 h 31 in the presence of di¡erent amounts of formate.
Discussion
Taken together the results presented in this paper suggest the following conclusions. The addition of formate to a glucose medium of continuous S. cerevisiae cultures decreases the critical dilution rate value associated with the onset of aerobic ethanol production (Fig. 5A) , and this e¡ect is enhanced at higher formate concentrations (Fig.  5B) . Given the fact that the NAD-dependent formate dehydrogenase is a cytoplasmic enzyme [20] , formate utilisation could increase the rate of cytosolic NADH production, hence shifting the equilibrium of NADH/NAD þ towards the reduced form. Since mitochondrial membranes are impermeable to cytoplasmic NADH, the aerobic reoxidisation of cytosolic NADH can be accomplished (i) via two mitochondrial NADH dehydrogenase activities, facing the cytoplasmic side and directly linked to the electron transport chain, (ii) via shuttle systems or (iii) by means of the alcohol dehydrogenase activity which leads to ethanol production. The data reported in this paper, obtained for cells growing on ¢xed amounts of glucose and formate at di¡erent dilution rates (Fig. 5A) as well as at a ¢xed dilution rate and glucose but with di¡erent amounts of formate (Fig. 5B) , suggest that the aerobic ethanol production could take place because of a limitation of the reoxidisation of cytosolic NADH from the two mitochondrial NADH dehydrogenase activities and/or from the shuttle systems. Furthermore, results obtained analysing the continuous cultures at di¡erent dilutions rates indicate that the average protein content (P) and P o , P s and P d for the whole population as well as for the daughter and parent subpopulations are consistently increased when glucose metabolism shifts to the production of ethanol. The P and the P s values show a similar behaviour when yeast cells are grown at a ¢xed dilution rate with increasing amounts of formate. Therefore, it can be concluded that this behaviour is modulated by the actual metabolism of the cells, independently of their speci¢c growth rate value.
The molecular mechanism that in budding yeast sets P s and controls the entrance into S phase is not yet completely understood [21] , although changes in the expression levels of CLN3 have been found to a¡ect the length of G1: overexpression of CLN3 decreases G1, deletion lengthens G1 [22, 23] . It is therefore of interest to recall that the induction of the expression of CLN3 by glucose does not require Tor-, Rgt2/Snf3-or Hxk2-mediated nutrient signalling, but requires transport and metabolism of glucose, being inhibited by the addition of iodoacetate, an inhibitor of glyceraldehyde-3-phosphate dehydrogenase [24] . Taken together all these data suggest that glycolysis generates a signal that modulates the setting of P s . The modulation of P s by glucose metabolism appears to be conserved during evolution. In mammalian cells dependent on interleukin-3 for proliferation and survival, increased growth factor concentrations result in an increase of glycolytic rates and in an increase of cell size to more than a doubling [12] .
